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Abstract
A number of molecularly specific models for the oxygen-evolving complex in photosystem II (PSII) and of manganese^
substrate water intermediates that may occur in this process have been proposed recently. We summarize this work briefly.
Fourier transform infrared techniques have emerged as fruitful tools to study the molecular structures of YZ and the
manganese complex. We discuss recent work in which mid-IR (1000^2000 cm31) methods have been used in this effort. The
low-frequency IR region (6 1000 cm31) has been more difficult to access for technical reasons, but good progress has been
made in overcoming these obstacles. We update recent low-frequency work on PSII and then present a detailed summary of
relevant manganese model compounds that will be of importance in understanding the emerging biological data. ß 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction
Photosystem II (PSII) serves as the ultimate hy-
drogen atom source in oxygenic photosynthetic sys-
tems by performing the photochemical oxidation of
water and reduction of plastoquinone. The holo-PSII
complex is a multi-subunit membrane protein that
contains a central dimeric structure of the D1 and
D2 proteins, surrounded by numerous pigment-bind-
ing proteins [1]. The oxidation of water is catalyzed
at a subdomain of the PSII complex termed the oxy-
gen-evolving complex (OEC). Central to this activity
is a cluster of four Mn ions, one Ca ion, possibly
several Cl ions, a redox-active tyrosine residue YZ
(D1-Y161), and its associated H-bonding partner,
D1-H190 [2^4]. Water oxidation is initiated by the
capture of a photon in the PSII antenna and transfer
to the reaction center, P680. Photochemically driven
charge separation at P680 is rapidly followed by
charge stabilization (200 ps) to generate P680Q3A.
The electron hole on P680 is then transferred to
YZ (d1=2V50/260 ns), which further stabilizes the free
energy of charge separation by kinetically retarding
deleterious charge recombination [5]. The oxidation
of water is observed to release O2 with a periodicity
of 4 [6]. This is universally interpreted in terms of
Kok’s S state nomenclature [7] : each successive ac-
cumulation of an oxidizing equivalent in the OEC
triggers an S state advance, SnCSn1 (where
n = 0,1,2,3,4), and n is the number of stored oxidizing
equivalents. Upon attaining the S4 state, O2 is re-
leased and S0 is regenerated.
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The oxidation of water is a thermodynamically
demanding reaction and yet the PSII complex ac-
complishes catalysis quickly and e⁄ciently. Although
the manner in which this reaction is performed is not
completely transparent, there are some signi¢cant
implications from what is known about PSII and
the thermodynamic constraints of water oxidation
[8,9]. The proposal from this lab, which o¡ers a fairly
straightforward explanation for dealing with the low
driving force available in PSII for this reaction, is
that water oxidation is intimately coupled to an H
atom abstraction between the tyrosine YZ and the
substrate water [8,10]. This maximally conserves the
free energy available, V1.1 eV, from charge separa-
tion by coupling each S state transition to an H atom
abstraction event. The actual H atom abstraction
mechanism for water oxidation has developed from
several key arguments. The reaction sequence is elec-
troneutral, which maintains charge neutrality within
the OEC and avoids the energetic overhead of net
charge accumulation within the low dielectric milieu
of a protein. The reaction also involves minimal mo-
tion, which is important for the low activation ener-
gies and fast turnover rates associated with the reac-
tion. The chemistry is conservative and the O^O
bond templates directly between two Mn centers
via a concerted four-electron reaction. EPR measure-
ments indicate that oxidized YZ is a neutral radical,
which facilitates its postulated role as a hydrogen
atom abstractor [11,12]. Additional EPR studies
also derive spin and dipolar coupling constants that
correspond to a center to center distance of 8^10 Aî
between the Mn4 cluster and YZ [13^16]. This places
YZ close enough to act in H atom abstraction di-
rectly with substrate water bound to the Mn cluster
[17,18].
The protons released during water oxidation also
play an important role in the reaction sequence. The
appearance of H into the bulk in as little as 12 Ws is
on the same time scale as the oxidation of the YZ
and has been suggested to re£ect creation of uncom-
pensated charge in the protein milieu [19,20]. An
alternative to this interpretation suggests that the
electrochromic changes are atypical in behavior and
may arise from dipole changes associated with inter-
nal charge rearrangement rather than uncompen-
sated charge creation [8,21,22]. In this view, the
very rapid proton release from YZ oxidation into
the bulk may then occur within the context of a
proton pathway or wire [23]. Several studies of D1
mutants [24^26] and chemical rescue experiments [27]
have identi¢ed His190 as likely to be the immediate
proton acceptor for YZ. If the YZ-OH proton is to
reside in close proximity to YZ, such as localized
upon His190, the redox couple may indeed be higher
than that of P680 ; however, removal to bulk opti-
mizes the YZ/YZ redox potential so that P680
 be-
comes an e⁄cient oxidant [28]. Beyond His190, the
pathway is largely speculative, but it is likely to play
a signi¢cant role in determining electron transfer be-
tween YZ and P680. It is also quite interesting to
note that the YZCP680 kinetics, which in the intact
system is dominated by H/D isotope insensitive ns
kinetics is converted to a Ws^ms kinetics with H/D
e¡ects on the order of 2^3 upon Mn depletion
[29,30]. The initial ns reaction kinetics can be inter-
preted in the context of a non-adiabatic electron tun-
neling reaction that is not limited by the associated
proton transfer, whereas in apo-PSII the slower ki-
netics suggests signi¢cant changes to the reorganiza-
tion energy for proton transfer [28]. We have inter-
preted this slower kinetics in the absence of the Mn
cluster as resulting from a disruption in the
YzLH190 hydrogen-bonding environment. Consider-
ation of YZ reduction kinetics also shows that there
is a preference for a concerted proton and electron
transfer, as the energetic barriers to proton ¢rst or
electron ¢rst sequential reactions are signi¢cant and
possibly beyond that obtained from YZ reduction
[31].
2. Metal templates for water oxidation
The structural motif for H atom abstraction em-
ployed in earlier discussion [8,10] is based on a pair
of bis-W-oxo bridged dimers proposed from EXAFS
measurements [32,33]. Fig. 1 depicts a possible struc-
ture and the proposed intermediates of the reaction
sequence. The reaction sequence involves sequential
H atom abstractions by YZ from the two substrate
water molecules. The important constraint is that the
two water molecules reside V5 Aî apart to accom-
modate the formation of the O^O bond during the
¢nal S3^S4^S0 transition. The Berkeley dimer of
dimers model [33] has provided considerable impetus
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in the ¢eld. Recently, some di⁄culties have been
found in assigning overall cluster spin state and
some additional re¢nements or modi¢cations may
be needed [34^36]. Other structures have been pro-
posed based upon the EXAFS structural constraints
of a 2.7 Aî Mn^Mn interaction and a Mn^Mn/Mn^
Ca interaction of 3.3 Aî [33,36,37].
One technique we have been seeking to develop in
order to evaluate models for water oxidation is
FTIR. In addition to the H atom abstractor outlined
above, there are currently a number of additional,
molecularly detailed, proposals for water oxidation.
Some of these invoke H atom abstraction, others do
not, but the key feature of these mechanisms is that
they postulate speci¢c chemical structures for the
various S states. Table 1 lists the proposed intermedi-
ates for the S1 and S2 states, which structurally are
typically based on the dimer of dimers motif. How-
ever, as with the basic hydrogen atom abstraction
mechanism, none of these proposals can o¡er any
direct spectroscopic support to justify the intermedi-
ates postulated. De¢nitive spectroscopic evidence will
be required to validate these proposed intermediates
and low-frequency FTIR provides a means to do
this. A recent report has also appeared in which
near infrared excitation resonance Raman spectros-
copy in the low-frequency region has been used in a
similar e¡ort to identify these modes [38]. In the
following section we outline recent mid-frequency re-
gion (1000^2000 cm31) FTIR results on the oxygen-
evolving complex and then elaborate on our current
low-frequency (6 1000 cm31) measurements. We
then provide an outline of some inorganic Mn model
systems that have been studied and that provide
guidance as to what type of modes and frequencies
might be expected to be observed in the low-fre-
quency vibrational spectra of the OEC.
3. Applications of FTIR spectroscopy to study
photosynthetic water oxidation
In PSII, the large numbers of chlorophylls that are
minimally associated with water oxidation provide a
Fig. 1. A proposed reaction sequence of the water oxidation reaction catalyzed by photosystem II. The reaction involves H atom ab-
straction by tyrosine YZ directly from substrate water. The complete structure is depicted in S0 and then only the terminal substrate
water intermediates are shown in the higher S states.
Table 1
Various proposals for substrate intermediates in the S1 and S2 states
Proposal S1 statea S2 statea Reference
Babcock et al. MnIII^OHmH2O^MnIII MnIII^OHmHO^MnIV [10]
Brudvig et al. MnIII^OH Ca^OH MnIII^OH Ca^OH [101]
Junge et al. MnIII^OH3mH2O^MnIII MnIV^OH3mH2O^MnIII [105]
Pace et al. MnIII^OH Ca^OH2 MnIII^OH Ca^OH2 [106]
Pecoraro et al. Mn^OH2 Ca^OH2 Mn^OH Ca^OH2 [100]
Seigbhan et al. MnIII^OH MnIVNO [103]
Witt et al. MnIII^OmHmO^MnIII MnIII^OmHmO^MnIV [107]
Wydrzynski et al. HL^MnIII^OH 3L^MnIII^OH [91]
Yachandra et al. MnIII^(W-oxo)2^MnIII MnIII^(W-oxo)2^MnIV [33]
am Denotes H-bonding interactions.
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large background, and thus a barrier, to optical and
scattering techniques. Infrared modes, however,
while susceptible to the same problems, are amenable
and accessible to an FTIR di¡erence approach (see
below). Thus far, a great deal of structural informa-
tion in the mid-IR (1000^2000 cm31) has been di-
rectly obtained from the S1 and S2 state transitions.
In addition, a great deal of e¡ort has been taken to
develop optimal FTIR experimental conditions for
isolating a single redox component from the rest of
the redox components in PSII (for example, referen-
ces [39^41]). With these approaches, information
concerning pigments, quinones, the redox-active
(YZ and YD) tyrosine radicals, the acceptor side
non-heme iron, cyt-b559, and the protein backbone
in PSII has been obtained (see, for example, referen-
ces [41^43]). The mode assignments are then best
achieved through isotopic labeling methods, site-di-
rected mutagenesis, model compounds, and normal
mode analysis of FTIR, for example [44]. However,
the spectral region examined thus far in PSII has
been limited to the mid-IR. Information pertaining
to the metal^ligand modes of the Mn4Ca cluster is
contained in the low-frequency region (6 1000
cm31). In order to reach below 1000 cm31, new de-
tectors and a greater control of variables, such as
temperature and protein hydration status, need be
considered [45]. After a review of the mid-frequency
FTIR of PSII, we consider the status of current ef-
forts to move into the low-frequency FITR region.
3.1. Mid-IR region (1000^2000 cm31)
3.1.1. YZ and YD
The tyrosine di¡erence YZ/YZ and Y

D/YD spectra
have been reported in manganese-depleted PSII sam-
ples [41,46]. Infrared modes at 1279 and 1255 cm31
in the YZ/YZ spectrum and at 1275 and 1250 cm
31 in
the YD/YD spectrum were assigned to X7a0(CO) and
N(COH) of tyrosine. Berthomieu and coworkers used
these results to suggest that the reduced forms of YZ
and YD are both protonated and involved in a hy-
drogen bond to the imidazole ring of a neutral his-
tidine, i.e. D2-His189 for YD and D1-His190 for YZ
[41,46]. Following oxidation of the reduced tyrosine,
the frequency of the X(CO) mode of the tyrosyl rad-
ical is a measure of the hydrogen bond strength to
the phenolic oxygen [41]. The frequencies of the
X(CO) mode of (a) YZ (at 1512 cm
31), (b) YD (at
1503 cm31), (c) YD (at 1497 cm
31) in the D2-
His189Gln mutant, and (d) the tyrosyl radical (at
1498 cm31) in non-hydrogen-bonding Escherichia
coli ribonucleotide reductase R2, indicate that both
YZ and Y

D are hydrogen bonded and that Y

Z forms
a stronger or more hydrogen bond(s) than YD [41].
This interpretation is consistent with high-frequency
EPR and ESEEM studies [47,48]. Moreover, the per-
turbation of the YD IR mode in the D2-His189Gln
mutant suggests that hydrogen bonding in the wild-
type complex exists between YD and D2-His189 [46].
This result is in general agreement with previous
EPR and cw and pulsed ENDOR studies of YD
[48^50]. The hydrogen bond acceptor(s) to YZ most
likely involves D1-His190 [27,41,51]. In contrast, the
hydrogen bond donor(s) to YZ are yet to be identi-
¢ed. One potential hydrogen bond donor candidate
is the D1-His190 in analogy to D2-His189 for YD.
Other potential candidates are water molecule(s) and/
or nearby amino acid residues [52]. Hydrogen bond-
ing between substrate water bound at the Mn cluster
and YZ has been proposed for Y

Z in its role as a
hydrogen atom abstractor (see Fig. 1 and Table 1).
This view is supported by the possibility that YZ
might form more hydrogen bond(s) than YD (see
above) and by recent resonance Raman and pulsed
ENDOR studies on the R2 protein of mouse ribonu-
cleotide reductase that suggest that the Y122 oxygen
forms a hydrogen bond to a water molecule bound
to the Fe1 iron [53,54].
The fate of the released phenolic proton is cur-
rently under debate (see above). One class of mech-
anisms proposes that the phenolic proton is released
into the bulk upon YZ oxidation to maintain charge
neutrality in the Mn cluster. The other major mech-
anistic class proposes that the phenolic proton is re-
tained locally on the D1-His190 by formation of an
imidazolium ion. A transient chlorophyll band shift
observed upon oxidation of YZ and YD in Mn-de-
pleted PSII samples has been attributed to charge
retention within the reaction center and taken to in-
dicate that the phenolic protons of YZ and YD do
not leave the local environment [19,20]. This band
shift result, however, might also be attributed to
the displacement of hydrogen bonds or to the rear-
rangement of protein dipoles [8,22]. Indeed, a di¡er-
ence band at 1706/1699 cm31 in the YZQ
3
A/YZQA
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spectrum in manganese-depleted photosystem II was
associated with YZ oxidation by Wydrzynski and co-
workers by using time-resolved FTIR techniques
[40]. This mode may be assigned to a chlorophyll
keto group that responds to YZ oxidation [40,52].
A similar mode at 1702/1696 cm31 in the YD/YD
spectrum has been assigned to a change in the 9-
keto carbonyl vibration of a chlorophyll of PSII
upon YD oxidation [41]. Thus, these FTIR data pro-
vide a structural rationale for a chemical origin of
the transient chlorophyll bandshifts observed upon
YZ oxidation [22].
While YZ and YD are established as protonated in
non-O2-evolving samples, the protonation state of
YZ in uninhibited samples is debated. Noguchi and
coworkers have identi¢ed two infrared modes (1254
and 1521 cm31) of a tyrosine residue in the S2/S1
spectrum of oxygen-evolving Synechocystis PSII
core samples [55]. They suggest that this tyrosine res-
idue is most likely YZ and is protonated in PSII at
neutral pH. This observation is counter to some op-
tical studies that indicate that YZ is a tyrosinate in
oxygen-evolving PSII [56,57]. However, FTIR is a
more direct probe of the protonation state of the
tyrosine phenol oxygen, and, if the Noguchi et al.
work is con¢rmed, provides strong support for a
neutral tyrosine as the YZ species in oxygen-evolving
PSII preparation.
3.1.2. Oxygen-evolving complex (OEC)
Table 2 shows a summary of assigned vibrational
modes in S2/S1 spectra. Up to now, almost all FTIR
studies on the PSII/OEC have been focused only on
the di¡erence between the S1 and S2 states. FTIR
spectra of S2Q3A/S1QA and of S2/S1 were ¢rst re-
ported by Noguchi and coworkers [58] and later re-
produced by several other research groups [43,59,60].
Fig. 2 shows the S2/S1 spectrum obtained for O2-
evolving reaction center core complexes (RCCs) at
250 K in the presence of the electron acceptor, ferri-
cyanide [59]. Under these conditions, there are no
contributions from chlorophyll or quinone molecules
[39]. In the S2/S1 spectrum, the negative bands at
1560 and 1404 cm31 (S1 modes) and the positive
bands at 1587 and 1364 cm31 (S2 modes) have
been assigned to be the asymmetric (Xasym) and sym-
metric (Xsym) stretching modes of a carboxylate resi-
due [39]. The frequency di¡erence between these two
modes, vX, has been previously used to assign the
coordination mode of carboxylates, based on a vari-
ety of metals and ligand systems [61,62]. By applying
Table 2
Summary of assigned vibrational modes in S2/S1 spectra
Frequency (cm31) Mode assignment Possible origin Reference
1364 (spinach) Symmetric X(COO3) of carboxylate S2 mode, unidentate carboxylate ligand to Mn [39,55]
1363 (Synechocystis)
1403^1404 (spinach) Symmetric X(COO3) of carboxylate S1 mode, bridging carboxylate ligand to Ca and Mn [39,55]
1401 (Synechocystis)
1560 (spinach) Asymmetric X(COO3) of carboxylate S1 mode, bridging carboxylate ligand to Ca and Mn [39]
1587 (spinach) Asymmetric X(COO3) of carboxylate S2 mode, unidentate carboxylate ligand to Mn [39]
1114 (spinach) Imidazole mode of histidine histidine ligand to the Mn cluster [64]
1113 (Synechocystis)
1254 (Synechocystis) X(CO) mode of tyrosine YZ, structural coupling to Mn cluster [55]
1521 (Synechocystis) X(ring CC) of tyrosine YZ, structural coupling to Mn cluster [55]
Fig. 2. Mid-IR region (1800^1200 cm31) of the S2/S1 spectrum
of O2-evolving spinach PSII RCCs generated by one saturating
laser £ash at 250 K. Samples were in the presence of ferricya-
nide (4500 scans). All spectra were collected at 4 cm31 resolu-
tion.
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that correlation to the OEC, these data have been
taken to indicate the presence of a bridging carbox-
ylate for S1 and the appearance of an unidentate
carboxylate for S2. In addition, these modes are all
lost upon Ca2 depletion. Based on the above re-
sults, Noguchi and coworkers suggest that this car-
boxylate serves as a bridging ligand between the re-
dox-active Mn and the Ca2 ions in the S1 state and
that the bond between this carboxylate and Ca2 is
selectively broken upon S2 state formation [39]. Orig-
inally described as empirical [61], Vincent and co-
workers found that the general criteria for establish-
ing the coordination state of carboxylate ligands by
vX [61,62] did not hold for a series of crystallograph-
ically characterized Mn complexes, in which the car-
boxylates were only present as bidentate, bridging
ligands [63]. From this, they suggested that further
studies with Mn model compounds will be necessary
to validate the Noguchi et al. assignment. In addi-
tion, we found that the 1404 cm31 mode does not
change in the S2/S1 spectra when we replace Ca2 by
Sr2 in PSII samples (unpublished results). If the
1404 cm31 mode arises from a bridging carboxylate
ligand between Ca and Mn ions, we expect that this
mode should be sensitive to Sr2 substitution. There-
fore, the assignment of 1404 cm31 mode requires
further investigation; it is, however, a very clear
marker of the S2/S1 di¡erence spectrum.
Scheme 1.
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Noguchi and coworkers have also identi¢ed a neg-
ative band at 1113^1114 cm31 that they assigned to a
histidine in the S2/S1 spectra, which was downshifted
by 7 cm31 upon 15N labeling [64]. They proposed
that this histidine functions as a ligand to the Mn
cluster. This result supports a previous ESEEM
study that showed at least one histidine residue co-
ordinates to the Mn cluster in the S2 state, however,
the possibility that this histidine residue is structur-
ally coupled to the Mn cluster through a hydrogen-
bonding network also cannot be ruled out [55]. By
D2O exchange experiments, Noguchi and coworkers
have identi¢ed a D2O sensitive carboxylate mode
and attribute this mode to the asymmetric stretch
of a carboxylate ligand to the Mn cluster, strongly
hydrogen bonded with water [65]. There are several
carboxylate and histidine residues in the D1 polypep-
tide that have been suggested as potential ligands to
the manganese and calcium from site-directed muta-
genesis studies [1,21]. By combining isotopic labeling
and site-directed mutagenesis, these carboxylate and
histidine modes identi¢ed in the S2/S1 FTIR spec-
trum should be able to be assigned to speci¢c amino
acid residues in PSII in the near future.
3.2. Low-frequency IR region (below 1000 cm31)
The low-frequency region (below 1000 cm31) of
the IR spectrum can provide direct information
about the structure of the coordination sphere of
the Mn cluster and the nature of metal^ligand bonds.
There are several diagnostic manganese^ligand and
Table 3
Infrared and resonance Raman spectroscopic data for selected vibrational modes related to the OEC
IR (cm31)a Raman (cm31)a Reference
[MnIII=IV(W-O)]2 dimersb
[MnIII=IV(bipy)2(W-O)]32 688 (676) 689 [83,108]
[MnIII=IV(phen)2(W-O)]32 686 697 [83,108]
[MnIII=IV(pbz)2(W-O)]32 694 (665) [84]
[MnIII=IV(14-ane-N4)(W-O)]32 679 (681, 670) [109]
[MnIII=IV(tren)(W-O)]32 694 [110]
[MnIV(W-O)]2 dimers
[MnIV(pbz)(W-O)]42 693 (664) [84]
[MnIV(phen)2(W-O)]42 692 [83]
[MnIV(salbn)(W-O)]2 650, 631, 619, 603 [111]
[MnIV(sec-busalpn)(W-O)]2 642 [82]
Other (W-O) bridged models
[MnIV2 (Me3tacn)2(W-O)3]
2 670 (642) Xasym 701 (668) Xsym [112]
[MnIV2 (Me3tacn)2(W-O)2(W-OH)]
3 683 (650) [112]
[MnIV3 (bpea)3(W-O)4]
3 669 [113]
[MnIV4 (bpea)4(W-O)6]
4 709 (675) [114]
[Mn2(W-O)(W-OAc)2]
[MnIII2 (Hpbz)2(W-O)(W1;2-OAc)2]
2 Xsym 559 (M^O^M), Xasym 712
(M^O^M), Xasym 1580 (OCO)
Xsym 558 (541), Xasym 717 (680) [88]
[MnIII2 (bpta)2(W-O)(W1;2-OAc)2]
2 Xasym 1564 (OCO), Xsym 1407 (OCO) [115]
Other Mn^L examples
Mn^O(COO) 340 343 [88]
Mn^OR 385 [116]
Mn^O(picolinate) 376 [117]
Mn^N(NH3) 299 [118,119]
Mn^N(picolinate) 230 [117]
Mn^N(Hbpz) 272 271 [88]
MnII=III^Cl 347 [120]
[MnII(12-crown-4)Cl2], Mn^Cl 158 [121]
MnII^Cl [MnCl4]23 256, 278, 301, 120 [62,122]
aThe values in parentheses are for 18O-labeled compounds.
bFor ligand abbreviations, see Scheme 1.
BBABIO 44969 30-11-00
H.-A. Chu et al. / Biochimica et Biophysica Acta 1503 (2001) 69^82 75
manganese^substrate modes expected to occur in this
region (see Tables 1 and 3^5). Therefore, the low-
frequency IR spectrum has the potential to provide
very important structural and mechanistic insight
into photosynthetic water oxidation. There are sev-
eral technical obstacles, however, including strong
water absorbance, limitations in optical materials,
and detector sensitivity that have limited previous
Fourier transform infrared spectroscopic studies of
the OEC to higher frequencies (s 1000 cm31). Re-
cently, we have overcome these technical di⁄culties
by using partially dehydrated samples, appropriate
window materials, highly sensitive detectors, a novel
band-pass ¢lter, and a closely regulated temperature
control system [45,59,66]. We have developed several
successive instrumental setups that have allowed us
to move progressively deeper into the low-frequency
region, while increasing both data accumulation e⁄-
ciency and S/N ratio signi¢cantly [45].
Fig. 3 shows the low-frequency region (1000^550
cm31) of the S2/S1 spectra [59]. The ‘Dark^Dark’
spectrum is an indication of noise in the S2/S1 spec-
trum. A positive band at 592 cm31 is assigned to a
Fe2^CN stretching mode from ferrocyanide [59].
Several low-frequency modes that are associated
with the S2/S1 states of the OEC are apparent in
Fig. 3. Possible candidates for these modes are man-
ganese^ligand modes of the OEC, bending modes of
amino acid side chains, or protein backbone modes
that are associated with the S2/S1 transition in the
OEC [59]. Owing to the limitations of the KBr
beam splitter and the wide-band MCT detector, the
S/N of the spectrum in Fig. 3 degrades signi¢cantly
below 600 cm31. To move into the low-frequency
region below 550 cm31, we have developed a new
instrumental setup with a CsI beam splitter and a
liquid He-cooled Si bolometer. Fig. 4 shows the
low-frequency region (350^670 cm31) of the S2/S1
spectrum recorded with this new instrumental setup
[45]. In the spectral region 550^670 cm31, Fig. 4
reproduces the spectral features in Fig. 3 with signi¢-
cantly increased S/N and data accumulation e⁄-
ciency. In addition, several low-frequency modes
associated with the S2/S1 transition are clearly
identi¢ed down to 350 cm31 [45]. Currently, we are
in the process of assigning these low-frequency S2/S1
modes (350^1000 cm31) by combining isotopic label-
ing, site-directed mutagenesis, model compound
studies, and normal mode analysis. More speci¢cally,
our assignment strategy is as follows. The Mn^sub-
strate ligand modes may be identi¢ed by H182 O water
exchange, and Ca2 sensitive modes can be identi¢ed
by the substitution of 40Ca2 with Sr2 and 44Ca2.
Fig. 5 shows the low-frequency S2/S1 spectra of salt-
washed, Sr2-reconstituted or Ca2-reconstituted
samples at 250 K. One mode at 606 cm31 in the
S2/S1 spectrum of Ca2-reconstituted samples is
likely upshifted to around 618 cm31 in that of
Fig. 4. Low-frequency region (670^350 cm31) of S2/S1 spectra
of O2-evolving spinach PSII RCCs at 250 K, in the presence of
ferricyanide (450 scans). The ‘Dark^Dark’ spectrum at the bot-
tom was collected immediately before the light minus dark
spectra of the same O2-evolving samples. All spectra were col-
lected at 4 cm31 resolution.
Fig. 3. Low-frequency region (1000^550 cm31) of the S2/S1
spectrum of O2-evolving spinach PSII RCCs. Samples were in
the presence of ferricyanide (4500 scans). The ‘Dark^Dark’
spectrum at the bottom is collected immediately before the light
minus dark spectra of the same O2-evolving samples.
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Sr2-reconstituted samples (Chu et al., unpublished
result). This 606 cm31 mode can be tentatively as-
signed to a Mn-O-Mn cluster mode based on studies
of Mn model compounds and calcium and oxygen
isotope shifts (Chu et al., in preparation). Chloride
sensitive modes can be identi¢ed by Cl3 isotope
shifts and by the substitution of Cl3 by Br3, NO33
and I3. Metal^ligand modes (histidine and carboxy-
late ligands) can be assigned by combining site-di-
rected mutagenesis and isotopic labeling methods.
Furthermore, studies of Mn model compounds and
normal mode analysis will aid signi¢cantly in assign-
ing these low-frequency S2/S1 modes.
4. Bioinorganic models for di¡erence FTIR spectral
interpretation
The preceding section detailed the di¡erence FTIR
techniques that have been developed to probe the
OEC. To assist in interpreting these spectra, data
from manganese model compounds are invaluable.
Such model compounds have long been prepared in
order to understand the spectra, structures, or func-
tions of the OEC [33,36,67^75]. This section presents
selected data already available in the literature that
provide insight into the low-frequency IR regime.
A variety of structural and functional or mecha-
nistic models have been proposed for the OEC (Ta-
ble 1 and additional references [36,37,67,68,70,76^
78]). Although varied in detail, these models all in-
corporate common structural motifs. The bis-W-O23
bridged [Mn(W-O)]2 moiety is the most common
structural feature and follows from EXAFS data
that indicate the presence of two Mn^Mn vectors
of 2.7 Aî in the OEC [32,33]. EXAFS data also sug-
gest at least one Mn^Mn or Mn^Ca vector at ap-
proximately 3.3 Aî [79,80]. A 3.3 Aî distance could be
consistent with an [Mn(W-O)(W1;2-OAc)] unit, or per-
haps an Mn ion bridged by carboxylates to a nearby
calcium ion. In addition, several mechanistic pro-
posals for the OEC involve the formation of inter-
mediates that are either known or predicted to have
distinctive IR features, such as MnNO.
In the early 1970’s, an IR signature for [MnIV(W-
O)]2 cores in the 600^700 cm31 region was reported
[81,82]. Cooper and Calvin presented the ¢rst con-
clusive evidence that that region corresponded to
the [Mn(W-O)]2 cores by preparing 18O-labeled
[MnIIIMnIV(W-O)2(bipy)4]3 with a shift from 688
to 676 cm31 [83]. Later, Dave and Czernuscewicz
reported corroborating resonance Raman spectra
for the 18O-labeled complexes [MnIIIMnIV(W-
O)2(pbz)4]3 and [MnIV(W-O)(pbz)2]42 with results
of 694 cm31 (665 cm31 with 18O) and 693 cm31
(664 cm31 with 18O), respectively [84].
The broad range of values that have been reported
for these [Mn(W-O)]2 cores (604 to 694 cm31, Table
3) is quite intriguing and potentially critical to under-
standing changes in the [Mn(W-O)]2 cores of the
OEC. We are currently investigating the features
that contribute to these di¡erences, as there are sev-
eral possible explanations for the frequency varia-
tions. One important factor is the nature and type
of the donor atoms of the ligands other than the oxo
bridges. Less donating ligands are likely to promote
a stronger interaction between the Mn and oxo
atoms and produce a frequency upshift. Structural
features will also a¡ect the vibrations of [Mn(W-
O)]2 dimers. For example, the presence or absence
of the pseudo-Jahn^Teller axis for the Jahn^Teller-
active MnIII ion will alter the strength of an Mn^O
bond. The combination of Mn^O^Mn angles and
Mn^O bond lengths within the [Mn(W-O)]2 dimers
also should participate in de¢ning the vibrational
frequencies. Furthermore, since di¡erences in Mn^
O bond strengths a¡ect IR data, IR di¡erence spec-
tra may also provide insight into the oxyl radical
Fig. 5. Low-frequency S2/S1 spectra of salt-washed, Sr2-recon-
stituted (solid line, 600 scans) or Ca2-reconstituted (dashed
line, 450 scans) spinach PSII RCCs at 250 K in the presence of
ferricyanide. Both spectra were collected at 4 cm31 resolution.
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bridged [Mn2(W-oxyl)(W-O)] cores proposed to form
in the S3 state by Klein, Sauer and coworkers [33,77].
With respect to the [Mn(W-O)]2 core, [M(W-O)]2
cores have become common themes in metal systems
involving iron and copper. Recently, extensive vibra-
tional spectroscopic studies on Cu and Fe complexes
with [M(W-O)]2 cores have been reported. For cop-
per, resonance Raman-enhanced vibrations for the
[CuIII(W-O)]2 core have been observed between 577^
632 cm31, with all but three between 583^616 cm31
[85,86]. For iron, a series of [FeIIIFeIV(W-O)2] com-
plexes have been characterized by resonance Raman
spectroscopy [87]. Those core modes fall in a range
of 666^670 cm31. Some, but not all, complexes in
both of these systems exhibited [M(W-O)]2 core spec-
tral features that arise from Fermi doublets, which
were averaged to provide ‘single’ frequency values.
Using normal coordinate analyses, it was determined
that the reported [M(W-O)]2 vibrations arose from
M^O vibrations in what has been described as an
overall symmetric Ag breathing mode of the core.
The symmetry of the core is vital to these modes,
for example additional vibrations arose from
[CuIII(W-O)]2 complexes with more ‘asymmetric’ li-
gands in the copper complexes [85]. In the case of
Mn dimers, various researchers have described the
vibrations in the resonance Raman spectra from
600^700 cm31 as arising from the [Mn(W-O)]2 core
in an overall Ag mode, as well. Additional signals in
the [MnIII=IV(W-O)]2 resonance Raman spectral data
reported to date have been suggested to result from
core asymmetry due to the localized valences on the
manganese ions [84,85].
Related to the [Mn(W-O)]2 cores are the mono-oxo
bridged [Mn2(W-O)] cores. Often these cores are sup-
ported by additional bridging carboxylate moieties.
The mono-oxo/carboxylate bridging structural motif
has two modes of interest: the Mn^(W-O)^Mn bridge
and the Mn bridging carboxylate or carboxylates
(Table 3). For example, Sheats et al. reported on
[MnIII2 (W-O)(W-OAc)2(Hbpz)2]
 [88]. In this work,
the Xasym of the Mn^(W-O)^Mn was assigned at 559
cm31 and the Xsym at 712 cm31 in the IR based on
resonance Raman data for the 18O-labeled dimer that
showed shifts from 558 to 541 cm31 and from 717 to
680 cm31, respectively.
Although the carboxylate modes studied for the
OEC to date are not in the low-frequency region,
they have been particularly important in di¡erence
IR (see above). Such mid-IR modes are also present
in W-carboxylate bridged Mn dimers, or other mixed
bridged dimers of carboxylates with W-oxo, W-OH (or
W-OR) or W-OH2 bridges [89,90]. The IR spectra of
carboxylate ligands have been rather extensively
studied [61,62]. Those early reports indicated that
one could di¡erentiate the mode of carboxylate in-
teraction (bridging, bidentate, or unidentate carbox-
ylate) based on the di¡erence (vX) between the shifts
in the Xsym and Xasym modes. Deacon and Phillips [61]
noted that this was oversimpli¢ed, but it was Vincent
et al., in one of the ¢rst studies to use di¡erence IR
techniques with model compounds, who pointed out
the potential inaccuracies for Mn complexes [63].
That study was signi¢cant in showing the e⁄cacy
of di¡erence IR for Mn systems. Those data showed
that a change in the oxidation state of just one Mn
ion produces noticeable alterations to di¡erence IR
spectra.
Perhaps the most intriguing Mn^ligand modes for
the OEC are those arising from Mn^substrate water.
Water is generally predicted to bind to at least one of
the OEC Mn ions during turnover [91]. Di¡erence IR
techniques should enable us to detect and probe the
critical mechanistic details of this interaction. As ox-
idation states change, signals related to the new Mn^
O species should emerge. These modes might include
Mn^OH2, Mn^OH, or MnNO. Several of the newer
mechanistic models for the operation of the OEC
incorporate Mn-terminal water in the lower S states,
as detailed in Table 1. Although model compound
data are limited for some of these potential inter-
mediates, the available data do suggest IR regions
in which these Mn^O modes are likely to appear
(Tables 4 and 5).
High-valent MnNO species, either MnVNO or
MnIVNO, have become common features in water
oxidation proposals that incorporate H atom ab-
straction. Several complexes with the MnNO moiety
have been structurally and spectroscopically charac-
terized (Table 5). The complexes prepared by Collins
and coworkers [92,93] were found to exhibit
MnVNO IR stretches between 970 and 979 cm31
[93,94]. Hill and coworkers prepared some of the ¢rst
MnIVNO and MnIV^(W-O)^MnIV porphyrin species
[95]. Later IR data suggested that two MnIVNO-
based vibrations occurred between 710 and 760
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cm31. The 752 and 754 cm31 vibrations arose from
¢ve coordinate compounds, while the 712 cm31 vi-
bration was attributed to the presence of a sixth,
hydroxide ligand [96]. The lower frequency for this
mode, when compared to other ¢rst row MNO por-
phyrin compounds, was ascribed to the half-¢lled t2g
of the high-spin d3MnIV ion and the resulting d-or-
bital energies [97]. A study of Mn-substituted horse-
radish peroxidase (HRP) reported MnIVNO at 622
cm31 by resonance Raman. This signi¢cantly lower
MnNO stretch was attributed to the imidazolate
character of the proximal histidine in HRP [98].
Other IR modes of potential interest include Mn^
Cl, Mn^N and Mn^O (from carboxylates), or modes
that include calcium. Mn^Cl vibrational modes are
typically observed between 150 and 350 cm31. Exam-
ples of Mn^N and Mn^O (carboxylate) vibrations
are listed in Table 3. Although there are few Mn^
histidine model complexes, data from Mn^amine,
Mn^pyridine, or newly reported Mn^imidazole mod-
els [99] will be insightful. Proposals positioning the
Ca2 in close proximity to the tetranuclear manga-
nese cluster (see above) suggest that modes involving
this ion may be observed upon S-state transition. To
date, we have found no reports of crystallographi-
cally characterized (Mn, Ca) models for this interac-
tion in which FTIR data were also reported. Fur-
thermore, Ca^OH or Ca^OH2 di¡erences may be
observed based on proposals that suggest that a hy-
droxide might form on the calcium before nucleo-
philic attack on an MnNO moiety [36,78,100^103].
Data on Ca^OH2 interactions are scant, but isotopic
labeling studies might elucidate any vibrational
modes related to either a Ca^OH2 (at least one Ram-
an report of 290 cm31) [104] or a Ca^OH intermedi-
ate.
5. Conclusion and summary
In this communication, we have reviewed the cur-
rent progress on the application of FTIR spectrosco-
py in both the mid-IR and low-frequency regions to
study the structure and mechanism of the PSII/OEC.
The mid-IR region (1000^2000 cm31) has provided
structural information about hydrogen-bonding and
protonation states of the redox-active tyrosines, YD
and YZ. In addition, several S2/S1 modes in the mid-
IR region have been assigned to Mn^ligand modes
(histidine and carboxylate) and to a tyrosine mode
suggesting structural coupling between YZ and the
Mn cluster. The low-frequency region (below 1000
cm31) has the great potential to provide direct infor-
mation about the coordination sphere of the Mn
cluster. Low-frequency S2/S1 modes have been de-
tected from 1000 to 350 cm31. One mode at 606
cm31 is found to be sensitive to replacement of
Ca2 by Sr2. We have also summarized the impor-
Table 5
IR and Raman data for MnNO moieties
Compound IR (cm31)a Raman (cm31)a Reference
(L1)MnVNOb 979 (942) 981 (942) [94]
(L2)MnVNO 972 (934) 972 (934) [94]
(L3)MnVNO 973 (936) 976 (939) [94]
(L4)MnVNO 970 (933) 973 (933) [94]
MnIV(O)(HRP) 622 (592) [98]
MnIV(O)(TMP) 754 [96]
MnIV(O)(OH)(TMP) 712
MnIV(O)(TMP) 754 (722) [96,97]
aThe values in parentheses are for 18O-labeled compounds.
bLigands are described in greater detail in the original literature. L1^L4 represent variously derivatized annular tetradentate tetraami-
date ligands designed by the Collins group, Scheme 1 [92^94].
Table 4
IR data for a selection of complexes containing Mn^OH2 moi-
eties
Compound IR (cm31) Raman (cm31) Reference
[MnII(H2O)6]SiF6 395 [123]
MnII^OH2 407, 375 [124]
MnII^OH2 289, 280 [125]
MnII^OH2 347, 295 [126]
MnII^OH2 358 [104]
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tance of Mn model compound studies to assist mode
assignments in FTIR spectra. For example, the 606
cm31 mode in S2/S1 spectra can be tentatively as-
signed to the Mn-O-Mn cluster mode based partly
on studies of Mn model compounds. By combining
isotopic labeling, site-directed mutagenesis, model
compound studies, and normal mode analysis,
FTIR spectroscopy will continue to provide very im-
portant structural and mechanistic insight into the
water splitting process in PSII.
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